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© Silicon carbide Schottky diode and method of making same. 



© A high performance silicon carbide Schottky 
contact (14) comprises a platinum containing contact 
on o'Silicon carbide (11.12), specifically 6H-a silicon 
carbide. At least part (14a) of the platinum-containing 
contact may comprise platinum silicide which may 
be formed by annealing to convert at least part of 



the platinum to platinum silicide. An ohmic contact 
(13) to the substrate (11) is also provided. A guard 
ring (16) or field plate may be provided. The Schot- 
tky contact exhibits lower forward resistance, lower 
reverse current and higher reverse breakdown volt- 
age than heretofore available designs. 
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SILICON CARBIDE SCHOTTKY DIODE AND METHOD OF MAKING SAME 



This invention relates to Schottky diodes and 
more particularly to silicon carbide Schottky diodes 
and methods of forming such Schottky diodes. 

Silicon carbide is a perennial candidate for use 
as a semiconductor material because of Its wide 
band gap, high thermal conductivity, high break- 
down electric field, tow dielectric constant and high 
temperature stability. These characteristics give 
silicon carbide excellent semiconducting properties, 
and electronic devices made from silicon carbon 
may be expected to perform at higher tempera- 
tures, higher power levels, and at higher radiation 
densities than devices made from the most com- 
monly used semiconductor materials such as sili- 
con. Silicon carbide also has a high saturated elec- 
tron drift velocity which raises the potential for 
devices which will perform at high speeds, and Its 
high thermal conductivity and breakdown electric 
field permit high density device integration. 

In order for silicon carbide to be employed for 
certain electronic devices, high performance Schot- 
tky contacts must be provided. High performance 
silicon carbide Schottky contacts are characterized 
by a low forward resistance, a low reverse leakage 
current and high reverse breakdown voltage. More- 
over, the contact must be thermally stable and 
reliable at high temperatures, and the contact char- 
acteristics must not change significantly at high 
temperatures. It will also be realized by those hav- 
ing skill in the art that high performance Schottky 
contacts themselves are not sufficient. Fully oper- 
ational, high performance Schottky diodes must be 
produced for use as discrete and integrated de- 
vices. 

The art has heretofore attempted to fabricate 
silicon carbide Schottky contacts using gold 
metalization. See for example an article entitled 
Charge Multiplication In Au-SIC (6H) Schottky 
Junctions, G.H. Glover, Journal of Applied Physics . 
Vol. 46. No. 11. November 1975. pp. 4842-4844 in 
which gold dots were evaporated onto silicon car- 
bide samples to test the avalanche multiplication 
rate for carriers In 6H-SIC. Unfortunately, gold 
Schottky contacts deteriorate rapidly at tempera- 
tures above 350* C or less, thereby negating the 
high temperature performance advantage of silicon 
carbide. 

Another attempt at obtaining high temperature 
silicon carbide Schottky contacts Is described In 
U.S. Patent Application Serial No. 262.400 to NA 
Papanicolaou, entitled Platinum Slllclde Contact 
On B-Slllcon Carbide, which discloses platinum 
and platinum silicide Schottky contacts on /3-sllicon 
carbide. As is well known to those having skill in 
the art. crystalline silicon carbide exists in more 



than 100 hexagonal and rhombohedral polytypes 
commonly known as a-SiC and one zincblende 
cubic potytype. referred to as /5-SiC. According to 
the Papanicolaou specification. /3-SiC Is preferred 
s because of its higher electron mobility especially at 
elevated temperatures, and Its smaller energy gap 
than o-SiC. 

It is an object of the invention to provide a high 
performance silicon carbide Schottky contact. 

w It is a further object of the present Invention to 
provide a silicon carbide Schottky contact having 
lower forward resistance, lower reverse current and 
a higher reverse breakdown voltage than has been 
heretofore described. 

is H is yet another object of the Invention to 
provide a high performance silicon carbide Schot- 
tky diode which Incorporates a higher performance 
Schottky contact. 

These and other objects are satisfied according 

20 to the present invention, by providing a silicon 
carbide Schottky contact comprising a-silicon car- 
bide, more particularly 6H-o silicon carbide, and a 
platinum-containing contact on the 6H-a silicon car- 
bide. According to the Invention ft has unexpect- 

25 edly been found that the use of a-silicon carbide, 
and 6H-a silicon carbide in particular, provides 
Improved device characteristics. It Is theorized that 
Improved device characteristics are obtained be- 
cause of 6H-o silicon carbide's wider band gap 

30 compared to ^-silicon carbide (i.e. 2.86eV com- 
pared to 2£eV) and because of 6H-« silicon car- 
bide's higher barrier height with platinum contacts 
compared to ^-silicon carbide with platinum con- 
tacts fi.e. 1.71V compared to 1.1V), notwithstanding 

as 6H-o silicon carbide's lower electron mobility com- 
pared to /S-silicon carbide (U. 300 orf/V's com- 
pared to 1000 cm 2 /V*s). Low forward resistance, 
low reverse current and high reverse breakdown 
voltage is thus provided. In particular, a forward 

40 resistance less than 3.2x1 0* 0/cm 2 , a reverse cur- 
rent well below 1u.A and a reverse breakdown 
voltage as high as 95V or more may be provided. 

According to the invention, the platinum con- 
taining contact may be pure platinum, or In a 

« preferred embodiment at least part of the platinum 
containing contact may be platinum silicide. Plati- 
num slllclde may be formed by annealing at 600* C 
for at least 15 minutes to convert at least part of 
the platinum to platinum slllclde. 

so According to another aspect of the Invention 
the high performance silicon carbide Schottky con- 
tact Is incorporated Into a high performance Schot- 
tky diode. The Schottky diode Includes a heavily 
doped n+ 6H-a silicon carbide substrate and a 
lightly doped (n-) layer of 6H-a silicon carbide 
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thereon, with the platinum containing Schottky con- 
tact on the n- layer. The n+ substrate provides 
high diode conductivity {low forward resistance) 
while the lightly doped n- layer provides high diode 
reverse breakdown voltage. An ohmlc contact, for 
example nickel, may be provided on the n + layer. 
Optionally a p-type silicon carbide guard ring may 
be provided In the n- layer under the periphery of 
the platinum containing contact, to enhance the 
reverse breakdown characteristics. Alternatively, a 
field plate may be provided over the periphery of 
the contact. 

The Schottky diode of the present Invention 
may be fabricated by heavily doping 6H-o silicon 
carbide substrate with nitrogen during crystal 
growth, to form the n+ layer. A thin rHayer may 
be epitaxially formed using chemical vapor deposi- 
tion or other known techniques. Platinum may be 
deposited on the n- layer and then annealed at 
high temperature to convert at least a part of the 
platinum to pletinum silickte. Alternatively, layers of 
platinum and silicon may be formed on the n- layer 
and annealed to convert to platinum slllclde. or 
platinum sillclde may be deposited on the n- layer 
In the accompanying drawings: 

Figure 1 illustrates a schematic cross section 
of a first embodiment of a Schottky diode accord- 
ing to the present invention. 

Figure 2 illustrates a schematic cross section 
of a second embodiment of a Schottky diode ac- 
cording to the present Invention. 

Figures 3a - 3f are graphical illustrations of 
voltage versus current characteristics of Schottky 
diodes according to the present Invention. 

In the drawings and specification, there have 
been disclosed typical preferred embodiments of 
the invention and, although specific terms are em* 
ployed, they are used in a generic and descriptive 
sense only and not for purposes of limitation, the 
scope of the invention being set forth In the follow- 
ing claims. The present invention now will be de- 
scribed more fully hereinafter with reference to the 
accompanying drawings. In which a preferred em- 
bodiment of the Invention is shown. Like numbers 
refer to like elements throughout. For greater clar- 
ity, the thickness of the layers has been exag- 
gerated. 

Referring now to Figure 1 a Schottky diode 10 
according to the present Invention is illustrated. 
The Schottky diode 10 Includes an n + 6H-o silicon 
carbide substrate 11 preferably 10-15 mils thick. 
Substrate 11 is heavily doped n+ to provide high 
conductivity (low resistance) in the forward direc- 
tion. Substrate 11 Is preferably doped with nitrogen 
at a concentration of 1x10 18 carriers per cubic 
centimeter or higher. Substrate 11 may be grown 
using sublimination growth techniques as described 
In U.S. Patent No. 4.886.005 issued 12 September 



1989. entitled "Sublimation of Silicon Carbide to 
Produce Large, Device Quality Single Crystals of 
Silicon Carbide". 

A lightly doped n- epitaxial layer 12 of 6H-a 
5 silicon carbide, preferably 1-4 urn thick is formed 
on substrate 11. This thin lightly doped layer pro- 
vides a high reverse breakdown voltage for the 
Schottky diode and is doped with 1x10' 7 or fewer 
carriers per cubic centimeter. Nitrogen is the pre- 
10 ferred dopant although phosphorous or other dop- 
ants may be used. Layer 12 may be formed by 
chemical vapor deposition or other known epitaxial 
techniques. It will be understood by those having 
skill In the art that In order to achieve a carrier 

16 concentration of less than 10". nitrogen dopant 
does not need to be be added because nitrogen is 
naturally incorporated In the 6H-o silicon carbide to 
a certain extent during chemical vapor deposition. 
Schottky diode 10 also Includes an ohmic con- 
so tact 13 on back side of substrate 11. The ohmic 
contact Is preferably 4000-5000A of nickel although 
other conventional contact materials such as tan- 
talum siliclde, gold, gold/ tantalum or other alloys 
may be employed. Ohmic contact 13 may be de- 

25 posited by sputtering, evaporation or other conven- 
tional techniques, followed by a high temperature 
(for example 1000* C) anneal, it will be understood 
by those having skill In the art that because of the 
high temperature anneal, ohmic contact 13 Is pref- 

30 erably formed before Schottky contact 14. 

Still referring to Figure 1 a Schottky contact 14 
containing platinum is formed on n- layer 12. As 
shown In Figure 1 at least part of the platinum 14a 
is converted to platinum siliclde by high tempera- 

as tore annealing, for example by annealing at 600* C 
for 15 minutes. The platinum siliclde layer 14a 
forms a stable high performance Schottky contact 
at temperatures up to 800* C. Platinum containing 
layer 14 Is preferably less than 2O00A thick, and 

40 may be deposited using common techniques, for 
example sputtering or evaporation, and patterned 
by common photolithographic techniques, for ex- 
ample lift-off. As is well known to those having skill 
In the art the platinum siliclde conversion process 

45 consumes a portion of n- layer 12. To reduce or 
eliminate silicon carbide consumption, platinum sili- 
clde may be directly deposited and annealed to 
form a unitary structure. Alternating layers of plati- 
num and silicon may also be deposited and an- 

so neated to convert the alternating layers to platinum 
siliclde. 

A Schottky diode fabricated as described in 
Figure 1 has been found to provide improved diode 
characteristics compared to known platinum on fi- 
65 silicon carbide diodes. The diodes formed accord- 
ing to the present Invention have a higher forward 
resistance of less than 3.2x1 0 3 0/cm 8 . They exhibit 
a reverse current which is typically below measur- 
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able levels for reverse voltages below 10 volts and 
less than 1x1 0~* amp for reverse voltages below 
the breakdown voltage. A breakdown voltage of 
about -95 volts for a carrier dopant level in n-layer 
12 of 4xl0 _, « carriers per cubic centimeter Is also 6 
exhibited. 

Referring again to Figure 1 a guard ring 16 
around the periphery of Schottky contact 14 is also 
included. Guard ring 16. which may be a ring of p- 
type 6H silicon carbide, prevents formation of a jo 
microplasma around the periphery of the Schottky 
diode which causes permanent damage to the 
Schottky diode due to the corona effect Guard ring 
16 forms a pn-Junction which breaks down before 
the Schottky junction to create an avalanche effect 15 
and prevent breakdown of the Schottky contact 
The guard ring 16 is doped at a level such that the 
pn-Junction formed between guard ring 16 and n- 
layer 12 is reverse biased at the breakdown voltage 
of the Schottky diode. Guard ring 16 may be 20 
doped with aluminum or boron at a doping con- 
centration of 10 17 -10 ,B carriers per cubic centi- 
meter and may be formed by high temperature ion 
implantation before formation of the Schottky con- 
tact 14. A ring pattern may be formed in a mask 25 
layer of silicon dioxide, silicon nitride and/or poly- 
crystalline silicon and ions may be implanted 
through the ring In the mask. After implantation a 
shallow etch may be performed prior to removal of 
the implant mask so that the guard ring may be 30 
seen at the surface after removal of the mask, and 
the Schottky contact 14 aligned thereto. 

Referring now to Figure 2 a second embodi- 
ment of a Schottky diode according to the present 
Invention is described. Schottky diode 20 of Figure 35 
2 Is identical to Schottky diode 10 of Figure 1 
except that the guard ring of Figure 1 Is replaced 
by a field plate region at 14c. Schottky contact 14 
may be deposited by sputtering, evaporation or 
other common techniques, and may be patterned *o 
by common photolithographic techniques, for ex- 
ample liftoff. It will be understood by those having 
skill in the eft that region 14c of Schottky contact 
14 In combination with silicon dioxide or other 
Insulator layer 15 and n- silicon carbide layer 12 <s 
lying thereunder forms a metal- Insulator- semicon- 
ductor (MIS) structure. The MIS structure creates a 
depletion region In the semiconductor layer 12 at 
the periphery of the Schottky contact region 14a. 
which lowers the effective carrier concentration and so 
prevents contact breakdown. 

Referring now to Figure 3. the impact of an- 
nealing on the characteristics of the Schottky diode 
will now be described. The measurements of Fig- 
ure 3 were made on Schottky diodes constructed 65 
as described with respect to Figure 1. Referring 
now to Figure 3a. the current - voltage (l-V) char- 
acteristics of a Schottky diode according to the 



present invention at room temperature without any 
conversion of platinum to platinum slllclde is 
shown. The breakdown voltage is very high (-95v). 
however the reverse current below this voltage is 
steadily Increasing (about 300 nA at -60V). Refer- 
ring now to Figure 3b it may be seen that a 15 
minute anneal at 600 *C lowers the breakdown 
voltage somewhat (to -70 volts) but dramatically 
lowers the reverse current below the breakdown 
voltage (I.e. current 15 nA at -60V) note the dif- 
ferent scales In Figures 3a and 3b. Figures 3c and 
3d Illustrate that Schottky diode characteristics of 
the unannealed platinum are less preferable at ele- 
vated temperatures after a 30 minute anneal at 
400 ' C. Referring to Figure 3c It may be seen that 
at 300" C reverse current is high and even higher 
at 400 " C (Figure 3d). In contrast to Figures 3c and 
3d, Figures 3e and 3f Illustrate the high tempera- 
ture characteristics of the Schottky diode after a 15 
minute anneal at 600* C. Figure 3e Illustrates that 
the Schottky diode exhibits very little leakage cur- 
rent and a breakdown voltage greater than -50 volts 
at 300* C. Similar characteristics are observed at 
400* C (Figure 3f). From the l-V graphs of Figure 3 
It may be seen that annealing at 600 *C improves 
high temperature leakage current at the expense of 
lowering the reverse breakdown voltage. 

In the drawings and specification, there have 
been disclosed typical preferred embodiments of 
the invention and, although specific terms are em- 
ployed, they are used In a generic and descriptive 
sense only and not for purposes of limitation, the 
scope of the Invention being set forth in the follow- 
ing claims. 



Claims 

1 . A Schottky contact comprising: 
an «-sllicon carbide layen and 

a platinum containing contact on said a- silicon 
carbide layer. 

2. The Schottky contact of Claim 1 wherein 
said o-sllicon carbide layer comprises 6H-0 silicon 
carbide. 

3. The Schottky contact of Claim 1 or 2 
wherein said platinum containing contact comprises 
platinum. 

4. The Schottky contact of Claim 1 or 2 
wherein said platinum containing contact comprises 
platinum silicide. 

5. The Schottky contact of Claim 1 or 2 
wherein said platinum containing contact comprises 
a platinum sliiclde layer on said silicon carbide 
layer and a layer of platinum on said platinum 
silicide layer. 

6. The Schottky contact of Claim 1 or 2 
wherein 6aid o-silicon carbide layer comprises an 
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n+ layer of 6H-a silicon carbide and an n- layer of 
6H-a silicon carbide on said n+ layer, with said 
platinum-containing contact being on said n- layer. 

7. The Schottky contact of Claim 6 further 
comprising a p-type silicon carbide guard ring with- 6 
in said n- layer, lying under the periphery of said 
platinum containing contact. 

8. The Schottky contact of Claim 6 further 
comprising a field plate at the periphery of said 
platinum-containing contact. w 

8. The Schottky contact of Claim 6. 7 or 8 
further comprising an ohmic contact on an exposed 
side of said n+ layer, to thereby form a Schottky 
diode. 

10. A Schottky diode comprising: ts 
an n + 6H-a silicon carbide substrate; 

an ohmic contact on one side of said substrate: 

an n- 6Ht* silicon carbide epitaxial layer on the 

opposite side of said substrate; and 

a platinum sliicide Schottky contact on said n- zo 

layer. 

11. The Schottky diode of Claim 10 wherein 
said n+ layer is doped with nitrogen at a con- 
centration greater than 10" carriers per cubic 
centimeter. 25 

12. The Schottky diode of Claim 10 or 11 
wherein said n- layer is doped with nitrogen at a 
concentration less than 10" carriers per cubic 
centimeter. 

13. The Schottky diode of Claim 10. 11 or 12 so 
wherein said platinum silicide Schottky contact is 

less than 2000A thick. 

14 . The Schottky diode of Claim 10. 11. 12 or 
13 wherein said ohmic contact comprises nickel. 

15 . A method of forming a Schottky contact 35 
comprising the steps of: 

providing a 6H-o silicon carbide substrate: and 
forming a platinum containing contact on said 6H-a 
silicon carbide substrate. 

16 . The method of Claim 15 wherein said «o 
forming step comprises the steps of: 

forming a platinum contact on said 6H-o silicon 
carbide substrate; and 

converting at least part of said platinum contact to 
platinum silicide. « 

17. The method of Claim 16 wherein said con- 
verting step comprises the step of annealing said 
platinum contact 

18. The method of Claim 17 wherein said an- 
nealing step comprises the step of heating said so 
platinum contact at a temperature of at least 

600 ' C for at least 15 minutes. 

18. The method of Claim 16 wherein said con- 
verting step comprises the step of converting all of 
said platinum contact to platinum silicide. 55 

20. The method of Claim 15 wherein said for- 
ming 6tep comprises the steps of: 
forming a platinum silicide contact on said 6H-o 



silicon carbide layer. 

21. The method of Claim 15 wherein said for- 
ming step comprises the steps of: 

forming alternating layers of platinum and silicon 
on said 6H-a silicon carbide layer; and 
converting said alternating layers of platinum and 
silicon to silicon carbide. 

22. The method of Claim 15 wherein said pro- 
viding step comprises the steps of: 

providing an n + 6H-« silicon carbide substrate; 
epitaxialiy forming an n- layer of 6H-e silicon car- 
bide on said substrate; and 
wherein said forming step comprises the step of 
forming a platinum-containing contact on said n- 
layer. 
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